
*H
EP
-P
H/
06
07
∣∣
8*

 DESY 06-105
ar

X
iv

:h
ep

-p
h/

06
07

11
8 

v1
   

11
 J

ul
 2

00
6

DESY 06-105Polarized Light Propagating in a Magneti Field as a Probe of Milliharged FermionsHolger Gies,1, � Joerg Jaekel,2, y and Andreas Ringwald2, z1Institut f�ur Theoretishe Physik, Universit�at Heidelberg,Philosophenweg 16, D-69120 Heidelberg, Germany2Deutshes Elektronen-Synhrotron DESY, Notkestra�e 85, D-22607 Hamburg, GermanyPossible extensions of the standard model of elementary partile physis suggest the existene ofpartiles with small, unquantized eletri harge. Photon initiated pair prodution of millihargedfermions in an external magneti �eld would manifest itself as a vauum magneti dihroism. Weshow that laser polarization experiments searhing for this e�et yield, in the mass range below0.1 eV, muh stronger onstraints on milliharged fermions than previously onsidered laboratorysearhes. Vauum magneti birefringene originating from virtual pair prodution gives a slightlybetter onstraint for masses between 0.1 eV and a few eV. We omment on the possibility that thevauum magneti dihroism observed by PVLAS arises from pair prodution of suh millihargedfermions rather than from single prodution of axion-like partiles. Suh a senario an be on�rmedor �rmly exluded by a searh for invisible deays of orthopositronium with a sensitivity of about10�9 in the orresponding branhing fration.PACS numbers: 14.80.-j, 12.20.FvThe apparent quantization of the eletri harges ofall known elementary partiles { i.e., the fat that theyappear to be integer multiples of the eletri harge ofthe d quark { is a long standing puzzle of fundamentalinterest. Strong experimental upper limits on the ele-tri harge of neutrons, atoms, and moleules [1, 2, 3℄,Q < O(10�21) e, with the magnitude of the eletron ele-tri harge e, as well as on the magneti moments of theneutrinos [4℄, �� < O(10�10)�B , with the Bohr mag-neton �B = e=2me and the eletron mass me, stronglysupport the idea that harge quantization is a funda-mental priniple. However, the standard model of par-tile physis with three generations of quarks and lep-tons does not impose harge quantization [5℄. One needsphysis beyond the standard model in order to enforeit, as is demonstrated by Dira's seminal argument forharge quantization based on the hypothetial existeneof magneti monopoles [6℄. Whereas some extensions ofthe standard model, e.g. grand uni�ed theories, providemehanisms for enforing harge quantization, other pos-sible extensions suggest the existene of partiles of small,unquantized harge Q� = �e, with �� 1 [7, 8, 9, 10, 11℄.There are a number of experimental and observationalbounds on the frational eletri harge � and on themass m� of hypothetial milliharged partiles, omingfrom laboratory experiments, astrophysis and osmol-ogy [12, 13, 14, 15, 16, 17, 18℄ (for a reent review andfurther referenes, see Ref. [19℄). In the sub-eletron massregion, m� < me, the best laboratory-based bounds onmilliharged fermions, � < O(10�4), ome from searhesfor the invisible deay of orthopositronium [20℄ and froma omparison [19℄ of Lamb-shift measurements [21, 22℄with preditions of quantum eletrodynamis (QED) (f.Fig. 1). Stronger, albeit more model-dependent boundsarise through astrophysial and osmologial onsidera-tions. For example, stellar evolution onstraints [25℄ yield

a bound � < O(10�14), form� < O(10 keV), whereas su-essful big bang nuleosynthesis leads to the restrition� < O(10�9), for m� < O(1 MeV).In the present Letter, we want to investigate whethersearhes exploiting laser polarization experiments angive ompetitive onstraints on milliharged fermions,most notably in omparison to other laboratory searhes.
FIG. 1: Laboratory-based upper limits on the frational ele-tri harge � = Q�=e of a hypothetial milliharged fermionof mass m�. The \Beam dump" limit has been derivedin Ref. [13℄ from a beam-dump searh for new neutrino-like partiles at SLAC [23, 24℄. The \Orthopositronium"limit stems from a limit on the branhing fration of invis-ible orthopositronium deay [20℄. The \Lamb shift" limitomes from a reent omparison [19℄ of Lamb shift measure-ments [21, 22℄ with QED preditions. The \BFRT dihro-ism/birefringene" limit arises from the upper limit on va-uum magneti dihroism/birefringene plaed by the laser po-larization experiment BFRT [36℄ (see text).



2It is theoretially well established in QED that photon-initiated eletron-positron pair prodution,  ! e+e�, inan external magneti �eld [26, 27, 28, 29, 30, 31, 32, 33,34, 35℄ manifests itself as a vauum magneti dihroism:the polarization vetor of an initially linearly polarizedphoton beam with energy ! > 2me in general is rotatedafter passing a transverse magneti �eld. However, be-ause of its high threshold energy, this e�et has not beendeteted in the laboratory yet. Reent past, present day,and near future instruments for the detetion of vauummagneti birefringene and dihroism, suh as BFRT [36℄,PVLAS [37℄, Q&A [38℄, BMV [39℄, and proposed ex-periments at CERN [40℄ and in Jena [41℄ exploit pho-ton beams with energies ! = O(eV). Correspondingly,they may be sensitive to vauum magneti dihroism in-dued by the prodution of fermion anti-fermion pairswith mass 2m� < ! = O(eV). Similarly, they may alsobe sensitive to vauum magneti birefringene aused bythe virtual prodution of these light milliharged parti-les, whih indues elliptiity of the laser beam in themagneti �eld.Let us �rst onsider dihroism. Let ~k be the momen-tum of the inoming photon, with j~kj = !, and let ~B bea stati homogeneous magneti �eld, whih is perpendi-ular to ~k, as it is the ase in all of the above-mentionedpolarization experiments. The photon-initiated produ-tion of a Dira-type fermion anti-fermion pair, with ele-tri harge Q� = �e and mass m�, at ! > 2m�, leadsto a non-zero di�erene between the photon absorptionoeÆients �k and �?, orresponding to photon polariza-tions parallel or perpendiular to ~B. The fat that theabsorption oeÆients for the two polarizations, k and?, are di�erent diretly leads to dihroism: for a linearlypolarized photon beam, the angle � between the initialpolarization vetor and the magneti �eld will hange to� + �� after passing a distane ` through the magneti�eld, withot(� +��) = EkE? = E0kE0? exp��12(�k � �?)`� : (1)Here, Ek;? are the eletri �eld omponents of the laserparallel and perpendiular to the external magneti �eldand the supersript \0" denotes initial values. For smallrotation angle ��, we have�� ' 14(�k � �?)` sin(2�): (2)Expliit expressions for the photon absorption oeÆ-ients �k;? an be inferred from the literature on  !e+e� in a homogeneous magneti �eld [27, 28, 29, 30,31, 32, 33, 34, 35℄:�k;?` = 12�3e�B`m� Tk;?(�) (3)= 1:09� 106 �3� eVm���BT��m̀� Tk;?(�);

where � = e2=4� is the �ne-struture onstant. Here,Tk;?(�) has the form of a parametri integral [33℄,Tk;? = 4p3�� 1Z0 dv K2=3� 4� 11� v2�� h�1� 13v2�k ; �12 + 16v2�?i(1� v2) (4)= 8<: q32 e�4=� �(12)k; (14 )?� for �� 12��( 16 )�( 136 )��1=3 �(1)k; (23)?� for �� 1 ;the dimensionless parameter � being de�ned as� � 32 !m� �eBm2� = 88:6 � !m� � eVm��2�BT� : (5)The above expression has been derived in leading orderin an expansion for high frequeny,!2m� � 1; (6)and of high number of allowed Landau levels of the mil-liharged partiles,NLandau = 124 � !2� eB�2 � 1: (7a)Let us remark that expression (4) was originally de-rived in Ref. [33℄ in the more restritive high-frequeny!=2m� � 1 and weak-�eld limit � eB=m2� � 1, in agree-ment with the results of Refs. [27, 28, 29, 30, 31℄. Thesein turn agree with the result of Ref. [34℄ whih are ob-tained with the onditions (6) and (7a). Intuitively, wean understand the nature of this approximation as fol-lows. Expression (4) is a rather smooth funtion of thefrequeny !. However, from the disrete nature of theLandau levels we would rather expet absorption peaks.Yet, if the peaks are very dense we annot resolve themand we have to average over a small frequeny interval�!, yielding the smooth funtion (4). Averaging is al-lowed if we have a large number of peaks �Npeaks in theinterval �!,�Npeaks = 12�NLandau = 112 � !2� eB�2 �!! � 1 (7b), �� 4:89� 10�3 � !eV�2�TB���!! � 12 :This expression agrees with (7a) up to a fator of�!=(2!) whih takes the unertainty in the frequenyinto aount. In the above-mentioned laser polarizationexperiments, a avity is used to reet the laser beambak and forth, thereby enhaning the signal. In that



3ase, the frequeny unertainty is �!=! � 1=Nr, whereNr is the number of reetions in the avity.At present, the most stringent bound on vauum mag-neti dihroism omes from the BFRT laser polarizationexperiment [36℄. A linearly polarized laser beam (! =2:41 eV) was sent along the magneti �eld of two super-onduting dipole magnets (B = 2 T), whih were plaedin an optial avity with Nr = 254 reetions, suh thatthe optial path length was ` = Nr � 8:8 m ' 2235 m.An upper limit on the absolute value of the rotation,j��j < 6� 10�10 (95% on�dene level); (8)was obtained. This an be turned into an upper limit on�, as a funtion of m�, by exploiting the preditions (1)-(4) for �� from photon-initiated pair prodution of mil-liharged fermions in an external magneti �eld. The re-sulting limit is displayed in Fig. 1 and labelled as \BFRTdihroism". Clearly, for small masses, m� . 0:1 eV,this represents urrently the best laboratory limit on mil-liharged fermions.Let us now turn to birefringene. The propagationspeed of the laser photons is slightly hanged in the mag-neti �eld owing to the oupling to virtual harged pairs.The orresponding refrative indies nk;? di�er for thetwo polarization modes, ausing a phase di�erene be-tween the two modes,�� = !`(nk � n?): (9)This indues an elliptiity  of the outgoing beam,j j = !2̀ j(nk � n?) sin(2�)j for  � 1: (10)Virtual prodution an our even below threshold! < 2m�. Therefore, we onsider both high and lowfrequenies. As long as (7b) is satis�ed one has [42℄nk;? = 1� �2�4� �� eBm2� �2 Ik;?(�); (11)withIk;?(�) = 2 13 � 3�� 43 Z 10 dv ��1� v23 �k ;�12 + v26 �?�(1� v2) 13�~e00 h�� 6� 11�v2 � 23 i (12)=8<: � 145 �(14)k; (8)?� for �� 197 � 12 2 13 (�(( 23 ))2�( 16 ) ��4=3 �(3)k; (2)?� for �� 1 :Here, ~e0 is the generalized Airy funtion,~e0(t) = Z 10 dx sin�tx� x33 � ; (13)

FIG. 2: Laboratory-based upper limits on the frational ele-tri harge � = Q�=e of a hypothetial milliharged fermion ofmass m� (same as in Fig. 1). The parameter values betweenthe two lines labelled \PVLAS dihroism" orrespond to thepreferred 95% on�dene region if the PVLAS rotation is in-terpreted as orginating from pair prodution of millihargedfermions. The dashed limit labelled \Orthopositronium (fu-ture)" orresponds to the projeted 95% exlusion limit ob-tainable through a searh for invisible orthopositronium de-ay with a sensitivity of 10�9 in the orresponding branhingratio.and ~e00(t) = d~e0(t)=dt. Using the parameters for theBFRT birefringene measurement, ! = 2:41 eV, B =2 T, Nr = 34, and ` = Nr � 8:8 m, their upper limit onthe elliptiity,j j < 2� 10�9 (95% on�dene level); (14)leads to the limit depited in Fig. 1, whih is the urrentlybest laboratory limit in the range 0:1 eV . m� . 3 eV.Let us �nally remark that all our limits remain valid form� & 10�2 eV, even if we impose the more strit valid-ity onstraint �eB=m2� � 1 for Eqs. (4) and (12). Fora hek of the quantitative onvergene of the underly-ing expansion for m� . 10�2 eV, a next-to-leading orderalulation may ultimately be needed.Reently, the PVLAS ollaboration reported the ob-servation of an optial rotation generated in vauum bya magneti �eld [37℄,j��j=Nr = (3:9� 0:5)� 10�12: (15)The experimental parameters in their setup were ! =1:17 eV, B = 5 T, Nr = 4:4� 104, and ` = Nr � 1 m. Ifinterpreted in terms of pair prodution of millihargedfermions, we obtain the preferred 95% on�dene re-gion lying between the two blak lines labelled \PVLASdihroism" in Fig. 2. Apparently, at two standard devia-tions, this is in onit with the limit from BFRT. Never-theless, the PVLAS result is very lose to the boundary



4of the exluded region for masses O(0:1 eV), and there-fore the pair-prodution interpretation still represents aremote alternative to the standard, axion-like-partile(ALP) interpretation of the PVLAS result [43, 44℄. Forboth interpretations, there are problems with the as-trophysial bounds [25℄ whih are diÆult to avoid forALPs [45, 46, 47, 48℄. It remains to be seen whetherpair prodution provides easier ways to evade them.A promising way to test the parameter region aroundm� � 0:1 eV, � � 3 � 10�6, opens up in the near future,when the sensitivity of searhes for the invisible deay oforthopositronium reah the 10�9 level in the orrespond-ing branhing ratio [49℄ (f. Fig. 2). Also, a PVLASbirefringene measurement an be expeted to explorethe interesting region around m� � 0:1 eV; a positivesignal would �x both parameters � and m� of hypothet-ial milliharged partiles by reading o� the intersetionpoint of the dihroism and birefringene urves.In summary, polarizationmeasurements of laser beamstraversing intense magneti �elds provide a very sensitiveprobe of light milliharged fermions in the laboratory. Inthe sub-eV range, already the limits inferred from thepioneering BFRT experiment are more than two ordersof magnitude better than other laboratory based limits.AknowledgmentsA.R. would like to thank Eduard Masso, Javier Re-dondo, Carlo Rizzo, and Giuseppe Ruoso for an inspiringdisussion on eletri harge quantization and neutralityof neutrons and atoms. HG aknowledges support byDFG Gi 328/1-3.� Eletroni address: h.gies�thphys.uni-heidelberg.dey Eletroni address: jjaekel�mail.desy.dez Eletroni address: andreas.ringwald�desy.de[1℄ M. Marinelli and G. Morpurgo, Phys. Lett. B 137, 439(1984).[2℄ H. F. Dylla and J. G. King, Phys. Rev. A 7, 1224 (1973).[3℄ J. Baumann, J. Kalus, R. Gahler and W. Mampe, Phys.Rev. D 37, 3107 (1988).[4℄ A. V. Kyuldjiev, Nul. Phys. B 243, 387 (1984).[5℄ R. Foot, Mod. Phys. Lett. A 6, 527 (1991).[6℄ P. A. M. Dira, Pro. Roy. So. Lond. A 133, 60 (1931).[7℄ A. Y. Ignatiev, V. A. Kuzmin and M. E. Shaposhnikov,Phys. Lett. B 84, 315 (1979).[8℄ L. B. Okun, M. B. Voloshin and V. I. Zakharov, Phys.Lett. B 138, 115 (1984).[9℄ B. Holdom, Phys. Lett. B 166, 196 (1986).[10℄ S. A. Abel and B. W. Sho�eld, Nul. Phys. B 685, 150(2004).[11℄ B. Batell and T. Gherghetta, Phys. Rev. D 73, 045016(2006).[12℄ M. I. Dobroliubov and A. Y. Ignatiev, Phys. Rev. Lett.65, 679 (1990).[13℄ S. Davidson, B. Campbell and D. C. Bailey, Phys. Rev.D 43, 2314 (1991).
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